Wolbachia, an alpha-proteobacterium closely related to Rickettsia is a maternally transmitted, 40 intracellular symbiont of arthropods and nematodes. Aedes albopictus mosquitoes are naturally 41 infected with Wolbachia strains wAlbA and wAlbB. Cell line Aa23 established from Ae. 42 albopictus embryos retains only wAlbB and is a key model to study host-endosymbiont 43 interactions. We have assembled the complete circular genome of wAlbB from the Aa23 cell 44 line using long-read PacBio sequencing at 500X median coverage. The assembled circular 45 chromosome is 1.48 megabases in size, an increase of more than 300 kb over the published draft 46 wAlbB genome. The annotation of the genome identified 1,205 protein coding genes, 34 tRNA, 47 3 rRNA, 1 tmRNA and 3 other ncRNA loci. The long reads enabled sequencing over complex 48
Wolbachia are gram-negative α-proteobacteria of the order Rickettsiales. Maternally 63 transmitted infections are widespread, occurring in an estimated 40-65% of insect species 64 (Hilgenboecker et al. 2008; Werren et al. 2008 ) including 28% of mosquito species (Kittayapong 65 et al. 2000) . Wolbachia infections are not limited to arthropods as nematodes, including several 66 major human pathogens, also harbor the endosymbiont (Fenn et al. 2006 ; Lefoulon et al. 2016) . 67
Currently, Wolbachia strains have been classified as Wolbachia pipientis (Hertig 1936 The Asian tiger mosquito, Aedes albopictus, is an aggressive biting mosquito and 89 currently one of the most invasive species in the world. Originally native to Southeast Asia, the 90 species has spread in the past 30-40 years and colonized five continents (Kotsakiozi et al. 2017) . 91
It is a significant public health concern as it is a competent vector of several arboviruses that 92 cause severe diseases in humans such as dengue, chikungunya and zika (Gratz 2004 whereas it blocks transmission of dengue (Mousson et al. 2012 ) and chikungunya (Raquin et al. 101 2015) . The interplay between wAlbB and its host is also particularly important as it impacts the 102 stability of wAlbB following its introduction into new hosts such as Aedes aegypti mosquitoes to 103 control dengue and zika transmission to humans (Pan et al. 2018) . 1997). However, high cell density during passaging helps to maintain a relatively stable 114 infection rate, because the duration of exponential growth is affected by cell density (Gerenday 115 & Fallon 1996) . wAlbB from Aa23 cells has been used as a source of infection for other insect 116 cell lines (Dobson et al. 2002; Fenollar, Scola, et al. 2003; Xi et al. 2005; Rasgon et al. 2006). 117 Since no nematode-derived cell culture system for Wolbachia exists, the Aa23 insect cell 118 line:wAlbB model system has been used as a proxy to screen for new anti-Wolbachia/filarial 119 compounds (Fenollar, Maurin, et al. 2003) . 120
Due to the importance of the wAlbB-infected Aa23 cell line in studies on symbiosis, 121 pathogen control and drug screening, a draft genome sequence of this strain was published 122 (Mavingui et al. 2012 Biosciences (PacBio) SMRT technology produces long reads, some as long as 100 kb, with 130 average raw read lengths >15 kb, making single and continuous assembly possible (Eid et al. 131 2008) . In addition, the PacBio library preparation process does not include an amplification step, 132 therefore DNA is sequenced as a single molecule in its native form, enabling the detection of 133 covalent base modifications (Flusberg et al. 2010) . 134
In the present study, we have assembled the complete circular genome of wAlbB present 135 in the Aa23 cell line, from long-read PacBio sequencing data at 500X median coverage. The 136 long reads enabled sequencing over complex repeat regions which have been difficult to resolve 137 with short-read sequencing. The assembled circular genome is 1,484,007 bp in size, an increase 138 of 321 kb over the published wAlbB draft genome, making it one of the largest sequenced 139
Wolbachia genomes to date. This sequence will serve as important resource for detailed studies 140 of wAlbB and related Wolbachia. To harvest host cell-free wAlbB, spent culture media from Aa23 cells (passage #65) was 167 collected and centrifuged at 500g to remove cell debris, followed by 5,000g to collect the 168 Wolbachia-enriched pellet. Genomic DNA was extracted using a Qiagen MagAttract HMW kit 169 following manufacturer's instructions. Briefly, 220uL of buffer ATL and 20uL of proteinase K 170 were added, and the sample was incubated at 56 o C for 3 hours with mixing at 900 rpm 171 (Eppendorf thermomixer C). DNA was eluted with 150uL of AE buffer and quantified using a 172 NanoDrop and Qubit instruments (Thermo Fisher Scientific). The quality of DNA was assessed 173 using an Agilent 4200 TapeStation System. The DNA obtained was good quality (DIN > 8.2), 174 and high molecular weight, larger than 60 kb in size (Supplementary Figure S1 A BLAST analysis of the wAlbB contig to itself identified a highly similar 27 kb region 281 repeated at the beginning and end of the contig, indicating that this contig represents the 282 complete circular chromosome. To validate that these regions (marked A1 and A2 in Figure 2A ) 283 represent overlapping ends of the circular chromosome, we collapsed them into a single 284 consensus region (marked A in Figure 2A-B ). Using the PacBio ReSequencing.1 pipeline, all 285 sequencing reads were re-mapped to this corrected chromosome sequence, which generated a 286 polished single contig representing a circular chromosome with non-repeating ends. Primers F1 287 and R1 (Figure 2A -B) designed to span this candidate junction of circularization produced a PCR 288 product of expected size of 1.5 kb ( Figure 2C ) and sequence, confirming the correctness of the 289 circularization. For the next round of polishing, the first base of the chromosome sequence was 290 reset to the start of oriC and this permuted sequence was again used as a reference for re-291 mapping all the reads using the PacBio ReSequencing.1 pipeline. The sequence of the oriC 292 region was also verified by sequencing the PCR product generated using primers F2 and R2 293 (Figure 2A Indel errors are sometimes observed in assemblies produced from only long-read 299 technologies such as PacBio or Nanopore (Watson 2018) . Therefore, the polished, circular 300 wAlbB genome was checked for any potential errors using Illumina reads. About 4.8 million 301
paired-end reads mapped to the assembly (mapping quality ≥ 10) providing a ~630X median 302 coverage of the genome and were used as an input to the Pilon error-detection and correction tool 303 (Walker et al. 2014 ). This analysis did not identify any indels, but 65 potential single nucleotide 304 polymorphisms (SNPs). However, these SNPs have very low quality scores and low coverage 305 (~2X coverage as opposed to a median coverage of ~630X at all other positions) and therefore 306 did not pass the filter for making changes. In summary, no errors were detected in the PacBio 307 assembly based on the Pilon analysis using high-quality and high coverage Illumina read 308 alignments. This indicates that the median PacBio coverage of ~500X and multiple rounds of 309 polishing using the PacBio ReSequencing.1 pipeline was sufficient to produce an accurate 310 assembly. 311
The final circular chromosome is 1,484,007 bp in size (Table 1) , an increase of 321 kb 312 over the published wAlbB draft genome. Using the nucmer tool for genome alignments (Kurtz et 313 al. 2004 ), all the contigs from the published genome (Mavingui et al. 2012 ) could be mapped to 314 the complete assembly ( Figure 3A) . The regions common between the complete genome and the 315 previously published draft assembly share > 99% sequence identity. The average GC content of 316 the genome is 34.4 %, which is within the typical range for Wolbachia genomes (Table 1) . 317
Analysis with RS_Modification_and_Motif_Analysis.1 pipeline did not identify DNA 318 modifications such as m4C or m6A suggesting that these modifications are absent from the 319 wAlbB genome ( Figure S2 ). 320
Annotation of the genome using the NCBI prokaryotic annotation pipeline (Angiuoli et 321 al. 2008 ) identified 1,205 protein-coding genes, an increase of 250 genes over the published 322 version. The genome also encodes 34 tRNA genes that include cognates for all amino acids, 3 323 rRNA (16S, 23S, and 5S), plus another 3 non-coding RNAs (6S RNA, RNAse P RNA, and a 324 signal recognition particle sRNA small type) and one tmRNA gene. A total of 188 pseudogenes 325 were identified resulting from one or more of the following causes: frameshift (n = 39), 326 incomplete (n = 150), internal stop (n = 23) or multiple problems (n = 21). The percentage of 327 pseudogenes is comparable across all the completed Wolbachia genomes from various 328 supergroups (Table 1) . 329
The completeness of genome annotation was evaluated using the Benchmarking 330 Universal Single-Copy Orthologs (BUSCO) pipeline (Simão et al. 2015) , which measures the 331 proportion of expected gene content from highly conserved, single-copy orthologs (BUSCO 332 groups). The analysis was carried out against 221 BUSCO groups derived from 1,520 333 proteobacterial species. The 1,205 protein coding genes in the wAlbB genome contain 179 334 complete and single copy BUSCO groups, 2 complete and duplicated BUSCO groups, 6 335 fragmented BUSCOs and 34 missing BUSCOs, resulting in a 81% BUSCO completeness score. 336
For comparison, the BUSCO scores were also calculated for the other completed Wolbachia 337 genomes ( Figure S3 ) and similar completeness scores were obtained for all genomes analyzed 338 (Table 1) 3A, Table S3 ), including 45 partial IS elements containing pseudogenized transposase (Table  350   S3 ). The IS982 and IS481 family IS elements were the most abundant, with 96 and 75 copies 351 respectively. The median size for IS elements is 873 bp, and they range in length from 66 bp to (Table 1) were analyzed using OrthoFinder program, which 368 identifies families of homologous proteins and assigns them to orthogroups (Emms & Kelly 369 2015) . A total of 1,604 orthogroups were derived from a combined set of 13,002 proteins (Table  370 S4). Of these, 1,171 orthogroups comprised of 12,569 proteins are shared by 2 or more genomes 371 ("shared orthogroups"), while the remaining 433 orthogroups are unique to each Wolbachia 372 analyzed (Table S4 ). For wAlbB, 1,192 of the 1,205 protein-coding genes (99%) were assigned 373 to 918 shared orthogroups, while 13 wAlbB proteins could not be assigned to any such group 374 (Table S4) . Similarly, for all the other genomes analyzed, more than 93.5% of proteins could be 375 assigned to a shared orthogroup, and the proportion of potentially genome-specific orthogroups 376 was found to be low (up to 6.5%). The only outlier was wFol, with 14% of its 1,403 proteins not 377 be assigned to any shared orthogroup (Table S4) . 378
The core proteome, defined as the set of proteins present in all genomes analyzed, 379 consists of 536 orthogroups (Figure 4) , and 519 of these orthogroups contain single-copy 1:1 380 orthologs (Table S4) The larger prophage region is 15.4 kb in size and showed highest nucleotide similarity to the 404 WOVitA1 prophage. Further BLAST and OrthoFinder analysis identified wAlbB orthologs for 405 40 of the 63 WOVitA1 genes, and 7 pseudogenes corresponding to 5 other WOVitA1 genes, 406 while 18 WOVitA1 genes were found to be completely absent in the wAlbB genome (Table S5) . 407
The prophage genes absent in wAlbB include the components essential for a phage particle 408 assembly, such as tail subunit I, baseplate subunits J, W and V, phage portal protein and phage 409 minor capsid protein, suggesting an inactive prophage. Further, the prophage derived genes 410 ( Figure 3B , Table S5 ) are located in 3 separate clusters in the wAlbB genome containing 14, 16 411 and 8 genes respectively, while the remaining prophage genes are distributed over the genome. 412
In addition, 5 genes and 6 pseudogenes that are more similar in sequence to prophage genes in 413 wMel rather than WOVitA1 were identified (Table S5) (Table S1 ), 34 wAlbB proteins were found to contain at least one copy of an ankyrin 460 repeat domain (Table 1) , with a total of 81 copies of various types of ankyrin domains (Table  461 S1). The same analysis performed for all complete Wolbachia genomes revealed a similar 462 number of ANK proteins across insect Wolbachia, and fewer ANKs in filarial Wolbachia (Table  463   1 presence of these 5 proteins was determined in other Wolbachia genomes available in the KEGG 475 database, namely wMel, wRi, wHa, wNo, wPip, wBm, wOo and wCle (Table 2) . MPG was found 476 in all other Wolbachia analyzed except in wAlbB, while the other 4 proteins were absent in 477 wAlbB and in at least one additional species (Table 2) . carrying either only wAlbA or both wAlbA and wAlbB, phage particles could be detected and 515 quantified using qPCR (Chauvatcharin et al. 2006 ). In the current wAlbB genome, although 40 516 of the 63 genes from the WOVitA1 prophage (Bordenstein & Bordenstein 2016) could be found, 517 many genes encoding essential components for a phage particle assembly were absent, while a 518 few others were pseudogenized due to insertion of IS elements. In addition, the prophage related 519 genes were found to be scattered over the wAlbB genome, unlike in an intact prophage. 520
Therefore the ancestral temperate prophage has undergone degradation in the wAlbB genome, a 521 phenomenon also observed in other Wolbachia such as wRec from Drosophila recens (Metcalf et 522 al. 2014) . It is therefore possible that the phage particles previously reported in Ae. albopictus 523 mosquitoes (Chauvatcharin et al. 2006 The BUSCO pipeline was used to measure the proportion of highly conserved, single-copy orthologs (BUSCO groups). The set of reference BUSCO groups was set to the lineage "Proteobacteria", which contains 221 BUSCOs derived from 1,520 proteobacterial species.
